I -INTRODUCTION
Liquid metal ion sources (MIS) of high melting nonmetals may be achieved by selection of a low melting eutectic alloy and a suitable substrate material. The choice of the alloy and substrate is based on a number of considerations. The alloy must be electrically conductive, have a low vapor pressure at the melting point, and possess low viscosity in order to prevent the formation of jets in the beam. The substrate must allow for good wetting without excessive reaction with the alloy. In this paper we identify several key features of the liquid alloy and substrate which allow for successful development of MIS. Despite the numerous and often conflicting requirements, it is possible to achieve long-lived sources for a variety of technologically important ions.
I1 -REQUIREMENTS FOR THE IDEAL LIQUID METAL ION SOURCE
1. A Low Melting Temperature. The first desirable property of the alloy is that it possess a low melting point. Low melting temperatures are required to minimize reaction between alloy and substrate, and are essential to suppress reaction in many well-wetted contact systems of liquid alloys and refractory metal substrates. High melting materials may be made compatible by formation of binary and ternary eutectic compositions which lower the melting temperature. The best solution is to choose a shallow eutectic that is low-melting or a low melting compound containing the element of interest. A deep eutectic is less favorable because a slight digression from the eutectic composition (which may occur by interdiffusion between alloy and substrate) begins precipitation of second phase material. A congruently-melting compound, by contrast, remains liquid during such digressions. Further, compound formation frequently acts to lower the vapor pressure of highly volatile species through liquid interactions within the compound.
On the other hand, deep eutectics usually possess lower melting temperatures than compounds, so often a compromise must be made between low melting points and broad stoichiometries over which the alloy remains liquid.
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Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1986214 2. Low V o l a t i l i t y a t the Melting Temperature. The second d e s i r a b l e property of t h e l i q u i d a l l o y i s t h a t i t possess low v o l a t i l i t y a t t h e melting point.
Low volat i l i t y is necessary t o conserve t h e l i q u i d f i l m supply and promote long l i f e . Elemental boron and a r s e n i c , f o r example, cannot be used f o r IMIS because both of t h e s e elements have high vapor pressures a t t h e i r melting p o i n t s and would v o l a t il i z e completely i f operated a t t h i s temperature f o r any s i g n i f i c a n t period of t i m e .
A g e n e r a l r u l e of thumb i s t h a t component p a r t i a l pressures g r e a t h e r than t o r r a r e unacceptable. Present evidence from s t u d i e s of s e v e r a l l i q u i d a l l o y s suggest t h a t component vapor pressures may be lowered by choosing combinations which possess a low (i.e., highly negative) Gibbs f r e e energy of formation. Such comb i n a t i o n s have s u f f i c i e n t s t a b i l i t y t o lower t h e thermodynamic a c t i v i t y of the i o n i z i n g component, and hence, t h e component vapor pressure above t h e a l l o y . The b e s t s o l u t i o n i s t o s e l e c t a l l o y compositions t h a t a r e congruently vaporizing a t t h e melting point. This is because p r e f e r e n t i a l vaporization of the a l l o y components e v e n t u a l l y a l t e r the i n i t i a l stoichiometry and cause changes i n the melting temperature.
3.
High R e l a t i v e Bulk Concentration of Ion Species of I n t e r e s t . The t h i r d d e s i r a b l e property of the a l l o y i s t h a t i t possess a high r e l a t i v e bulk concentrat i o n of the intended i o n i z i n g element.
It is the bulk, and not t h e s u r f a c e , conc e n t r a t i o n of t h e intended element t h a t is important because t h e s t e a d y s t a t e emission c h a r a c t e r i s t i c s of M I S r e f l e c t the bulk stoichiometry of the m a t e r i a l ( s e e Table I ) f o r IMIS where l i t t l e a l l o y / s u b s t r a t e i n t e r a c t i o n occurs and which o p e r a t e under c o n d i t i o n s of congruent f i e l d evaporation.
Further, assuming t h e f i e l d evaporation mechanism of ion formation t o be v a l i d , t h e c u r r e n t of ion spec i e s k i s l i n e a r l y dependent upon t h e f r a c t i o n a l bulk concentration of atom k /1/. Best y i e l d s o f , say, B+ o r AS+ i n a LMIS of B and As a r e t h e r e f o r e obtained by choosing an a l l o y combination having t h e h i g h e s t mole f r a c t i o n of B o r As comp a t i b l e w i t h low melting. Surface segregation of low s u r f a c e tension a l l o y components i n t h e l i q u i d /2/ does n o t appear t o c o n t r i b u t e t o t h e beam stoichiometry.
4. Low Surface Free Energy and Good Wetting. Fourth, i t is d e s i r a b l e f o r the a l l o y t o possess a low s u r f a c e f r e e energy. Low s u r f a c e tension m a t e r i a l s promote w e t t i n g of the a l l o y t o the s u b s t r a t e . Good w e t t i n g , defined a s a c o n t a c t angle considerably l e s s than 90 degrees, i s necessary t o f a c i l i t a t e l i q u i d flow from t h e r e s e r v o i r t o the apex t i p where emission occurs.
The governing r e l a t i o n i s Young's equation:
where Tsv, Tsl, and Tlv a r e t h e solid-vapor, s o l i d -l i q u i d , and liquid-vapor s u r f a c e t e n s i o n s r e s p e c t i v e l y and C i s the c o n t a c t angle. Young's equation shows t h a t t h e b e s t w e t t i n g is r e a l i z e d when t h e l i q u i d a l l o y has t h e lowest p o s s i b l e s u r f a c e f r e e energy. Otherwise s t a t e d , w e t t i n g i s a consequence of t h e r e l a t i v e magnitudes of cohesion and adhesion i n a c o n t a c t system. I f the adhesive f o r c e s between a l l o y and s u b s t r a t e a r e g r e a t e r than the cohesive f o r c e s of t h e a l l o y and s u b s t r a t e s e p a r a t e l y , then w e t t i n g i s l i k e l y t o occur. Our s t u d i e s i n d i c a t e t h a t t h i s simple model of w e t t i n g i s complicated by s u r f a c e segregation of low-level i m p u r i t i e s i n t h e l i q u i d a l l o y s which i n h i b i t r e a c t i o n between a l l o y and s u b s t r a t e / 3 / . U t i l i z i n g s u r f a c e c o a t i n g s composed of m a t e r i a l s r e a c t i v e t o the i m p u r i t i e s allows w e t t i n g t o occur by tying up the i m p u r i t i e s a t t h e i n t e r f a c e .
Low S o l u b i l i t y of Alloy i n Substrate. F i f t h , i t i s important t h a t wetting occur without excessive a t t a c k of the s u b s t r a t e .
The r a t e and e x t e n t of d i f f u s i o n and r e a c t i o n of a l l o y components i n t o t h e s u b s t r a t e m a t e r i a l must be minimal. Our s t u d i e s have confirmed t h a t t h i s mechanism i s t h e major l i f e t i m e -l i m i t i n g mechanism f o r c o n t a c t systems composed of l i q u i d metal a l l o y s of B wetted t o r e f r a c t o r y m e t a l s u b s t r a t e s . A r e p r e s e n t a t i v e example is shown i n Figure 1. I n t h i s study, t h e molten s u r f a c e of a PtB e u t e c t i c wetted t o an Re s u b s t r a t e was monitored over time by Auger spectroscopy.
Excessive r e a c t i o n between a l l o y and s u b s t r a t e was observed t o occur w i t h i n minutes a f t e r c o n t a c t , and t h e a l l o y required s u c c e s s i v e l y higher temperatures t o maintain i t i n t h e molten s t a t e . Auger s p e c t r a during t h i s period showed monotonically decreasing s u r f a c e concentrations of B w i t h corresponding i n c r e a s e s i n Pt. The system e v e n t u a l l y s u f f e r e d c a t a s t r o p h i c breakdown a f t e r a few hours. Auger s p e c t r a of t h e corroded s u r f a c e a f t e r breakdown a r e shown i n Figure  1 . I n a d d i t i o n t o depleted s u r f a c e concentrations of B, t h e s u r f a c e shows r e l a t iv e l y small amounts of Re. A high r e s o l u t i o n Auger a n a l y s i s of a f r a c t u r e d crosss e c t i o n of the f a i l e d c o n t a c t system is shown i n Figure 2 . A c e n t r a l region t h a t is primarily Re and P t i s surrounded by a second region which has l a r g e amounts of B ( t h e a l l o y had wet both s i d e s of the R e ) .
It is c l e a r t h a t both B and P t have d i f f u s e a i n t o the s u b s t r a t e , and t h a t Pt appears to be p r e f e r e n t i a l l y a t t a c k i n g the 6. Low S o l u b i l i t y of S u b s t r a t e i n Alloy. The s i x t h d e s i r a b l e property of the cont a c t system i s t h a t t h e e x t e n t of d i s s o l u t i o n of the s u b s t r a t e i n t o t h e a l l o y be minimal.
I n t h e case of a e u t e c t i c mixture on a r e f r a c t o r y metal s u b s t r a t e , dissol u t i o n of the s u b s t r a t e i n t o t h e a l l o y changes the composition of the e u t e c t i c and a c t s t o i n c r e a s e the melting point of the l i q u i d a l l o y . The e m i t t e r then s h u t s o f f . To remelt t h e a l l o y , an i n c r e a s e i n c i r c u i t power is necessary, but t h i s i n c r e a s e s t h e r a t e of d i s s o l u t i o n and r e s u l t s i n a runaway condition which terminates w i t h c a t a s t r o p h i c breakdown of the e m i t t e r . Further, we have observed a 
JOURNAL DE PHYSIQUE number of cases where t h e d i s s o l v i n g metal forms metal borides i n t h e l i q u i d a l l o y and suppresses the r a t i o of B i n t h e beam. To c o r r e c t t h i s problem, s e l e c t i o n of an i n e r t s u b s t r a t e i s necessary, but t h i s is u s u a l l y incompatible w i t h good wetting. Wetting occurs by lowering t h e t o t a l energy of t h e c o n t a c t system during chemical bond formation, so the l i q u i d a l l o y must i n t e r a c t w i t h the s u b s t r a t e t o
some e x t e n t . The d u a l requirements of good w e t t i n g and low r a t e s of t h e chemical r e a c t i o n a r e p a r t i c u l a r l y challenging i n l i g h t of t h e mutual e x c l u s i v i t y of these p r o p e r t i e s . It may be t h a t t h e b e s t s o l u t i o n i s t o have no s u b s t r a t e a t a l l by development of a consumable e l e c t r o d e with l o c a l i z e d heating of t h e apex region. It i s questionable, however, whether such a c o n f i g u r a t i o n would be adequate f o r focused beam a p p l i c a t i o n s .
Favorable Mechanical, E l e c t r i c a l , and Vacuum P r o p e r t i e s . Seventh, i t i s d e s i r a b l e f o r t h e c o n t a c t system t o possess favorable mechanical, e l e c t r i c a l , and vacuum p r o p e r t i e s .
The s u b s t r a t e m a t e r i a l must be e l e c t r i c a l l y conductive f o r r e s i s t . i v e l y heated needle sources, and be r e a d i l y machined o r etched i n t o sharp t i p s . The s t r u c t u r e must have s u f f i c i e n t mechanical s t r e n g t h t o t o l e r a t e e l e c t r i c f i e l d s of the order of t e n t h s of v o l t s per angstrom.
I f t h e s u b s t r a t e is too b r i t t l e , a s i s t h e c a s e f o r many f i n e g l a s s y needles, i t may not survive w e t t i n g and assembly operations.
The c o e f f i c i e n t of thermal expansion of the s u b s t r a t e and i t s a b i l i t y t o withstand temperatures near 1000 K must be adequate t o prevent thermal d r i f t i n t h e focusing column. The s u b s t r a t e must be easy t o c l e a n i n order t o e l i c i t c o n s i s t e n t w e t t i n g by t h e a l l o y .
For example, i t i s well-known t h a t oxide formation which forms on exposure of m e t a l l i c s u b s t r a t e s t o atmosphere can dramatic a l l y a f f e c t t h e c o n t a c t angle / 4 / . Auger s t u d i e s we have performed on many comm e r c i a l l y produced r e f r a c t o r i e s such a s W and Re showed s i g n i f i c a n t concentrations of s u r f a c e i m p u r i t i e s even a f t e r high temperature thermal annealing. F i n a l l y , t h e LMIS should be a b l e t o function e f f e c t i v e l y i n l e s s than u l t r a -h i g h vacuum cond i t i o n s .
8. Congruent Ion Formation. Eighth, t h e e x i s t e n c e of congruent ion formation i s an important requirement f o r a MIS. Congruent ion formation means t h a t the stoichiometry of the beam r e f l e c t s the stoichiometry of t h e l i q u i d a l l o y producing t h e ions. A noncongruent ion forming LMIS w i l l not o p e r a t e f o r t h e following reasons: (1) a highly noncongruent ion beam w i l l l e a d t o l o c a l concentration grad i e n t s near t h e e m i t t e r apex causing l o c a l s o l i d i f i c a t i o n of the IMIS; ( 2 ) a moderately noncongruent ion beam w i l l gradually a l t e r t h e source r e s e r v o i r comp o s i t i o n and u l t i m a t e l y r e s u l t i n (1); (3) concurrent w i t h (1) and (2), a noncongruent ion forming M I S source may e x h i b i t a beam stoichiometry unacceptably low i n t h e i o n s p e c i e s of i n t e r e s t .
It is c l e a r t h a t a s t a b l e , long l i v e d LMIS must e x h i b i t congruent o r near congruent
i o n formation. Assuming a f i e l d evaporation mechanism f o r i o n formation, the a c t iv a t i o n b a r r i e r f o r f i e l d evaporation Q(F) may be w r i t t e n as: where Ii i s the f i r s t i o n i z a t i o n p o t e n t i a l of t h e i t h evaporating s p e c i e s , W i s the s u r f a c e work function, Hi i s the vaporization energy of t h e i t h evaporating spec i e s , and f ( F ) depends on t h e d e t a i l s of t h e evaporation model /5,6/. For the case of a binary a l l o y of components A and B o p e r a t i n g a s a LMIS, i t may be shown /7/ t h a t t h e expression QA -QB = 0 provides a measure of the congruency of ion formation.
I f one assumes t h a t both a l l o y components experience t h e same work funct i o n and t h a t fA(F) -fB(A), which is approximately t r u e f o r the image hump model, then t h e requirement t h a t must be s a t i s f i e d f o r congruent ion formation. This expression places a fundament a l requirement on t h e i o n i z a t i o n and vaporization e n e r g i e s of t h e a l l o y components I n Table I1 a r e l i s t e d t h e v a l u e s of I + H f o r v a r i o u s elements where H is t h e h e a t of v a p o r i z a t i o n a t 1300 K of t h e pure elements. The e n e r g e t i c s of t h e f i e l d e v a p o r a t i o n mechanism r e q u i r e t h a t H should be taken from t h e a l l o y and n o t from t h e pure elements. Table I1 values. Table I11 g i v e v a l u e s of QA -QB n e a r e s t t o z e r o and t h e r e f o r e might be expected t o show near congruent i o n formation.
However, a s a f i r s t approximation, we can e s t i m a t e t h e comp a t i b i l i t y of v a r i o u s a l l o y combinations w i t h r e s p e c t t o congruent ion formation based on t h e

On t h i s b a s i s , t h e model p r e d i c t i o n s f o r v a r i o u s combinations of t h e d i f f e r e n c e i n t h e Q-values must be s a t i s f i e d . Those a l l o y comb i n a t i o n s i n d i c a t e d by * i n
On t h i s b a s i s , t h e only promising a l l o y combination f o r a source of B i s t h e PtB a l l o y system. As a source of Be and S i , t h e AuSiBe i s p r e d i c t e d t o be a promising a l l o y combination.
S e v e r a l of t h e Table I11 a l l o y combinations have been i n v e s t i g a t e d f o r t h e i r potent i a l a s LMIS. The r e s u l t s of these i n v e s t i g a t i o n s a r e given i n Tables I and I V .   Table I compares the s t o i c h i o m e t r i e s of t h e beam w i t h t h a t of t h e a l l o y . The pred i c t i o n s of the f i e l d e v a p o r a t i o n model a r e g e n e r a l l y followed. For example, t h e YNiB a l l o y does n o t provide any B i n t h e beam a s expected. On t h e o t h e r hand, t h e PtB a l l o y i s both s t a b l e and near stoichiometry.
The somewhat lower r a t i o of B/Pt i n t h e beam compared t o t h e o r i g i n a l a l l o y i s due t o l o s s o f B by d i f f u s i o n i n t o t h e Re s u b s t r a t e .
The PdB and NIB a l l o y a r e n o t expected t o be good s o u r c e s of B. Although t h e B/Pd r a t i o i n t h e beam does not d i f f e r from t h a t of t h e a l l o y as much as the YNiB a l l o y , i t has very l i t t l e B+ i n t h e beam a s shown i n Table I V . Most of t h e B i n t h e beam i s t i e d up a s P~B + . Since we have no v a l u e s f o r H o r I f o r PdB, t h e model cannot e used t o e v a l u a t e t h i s p o s s i b i l i t y .
Nevertheless, t h e f a v o r a b l e formation of P~B + , while i t can h e l p t o maintain congruent f i e l d e v a p o r a t i o n and a smooth running s o u r c e , i s of l i t t l e u s e i n providing a l a r g e f r a c t i o n of B+ i n t h e beam.
The AuSi a l l o y forms Au and S i congruently i n t h e beam a s p r e d i c t e d by t h e model. Thus, w i t h t h e l i m i t e d r e s u l t s a v a i l a b l e a t t h i s t i m e , i t appears t h a t t h e f i e l d e v a p o r a t i o n model u s i n g t h e values of H of the pure elements, r a t h e r than the more a p p r o p r i a t e v a l u e s of H from t h e r e s p e c t i v e a l l o y s , g i v e s a f i r s t o r d e r b a s i s f o r s e l e c t i o n of compatible a l l o y combinations f o r M I S .
9.
Favorable E l e c t r o n O p t i c a l C h a r a c t e r i s t i c s
Assuming it has been p o s s i b l e t o s a t i s f y t h e m a t e r i a l and congruency requirements l i s t e d above, i t is s t i l l p o s s i b l e f o r t h e ZMIS t o f a i l by way of inadequate e l e c t r o n o p t i c a l p r o p e r t i e s . For focused beam and i m p l a n t a t i o n a p p l i c a t i o n s , i t is necessary f o r t h e s o u r c e t o have a small v i r t u a l source s i z e and h i g h a n g u l a r i n t e n s i t y . F u r t h e r , t h e r e l a t i v e i n t e n s i t i e s of t h e v a r i o u s ion s p e c i e s must be t a v o r a b l e and e x h i b i t low energy spreads.
-Conclusions
I n view of the numerous and o f t e n c o n f l i c t i n g requirements f o r l i q u i d a l l o y i o n s o u r c e s , i t is remarkable t h a t sources may be developed which s a t i s f y many of these requirements t o a h i g h degree.
